Abstract. Immunotherapy of cancer offers great promise, however translation into human studies has yielded relatively poor results to date. The concept of combining cancer vaccination with angiogenesis inhibition is appealing, due to favorable safety profile of both approaches, as well as possible biological synergies. Here we studied the anti-tumor effects of combining plasmid DNA (pDNA) vaccination and anti-angiogenesis in B16F10 murine model. By using electroporation-mediated gene/ pDNA delivery, the anti-tumor efficacy of vaccination with pDNAs encoding gp100, TRP2 and Ii-PADRE was facilitated by administration of soluble form of EphB4 fused with human serum albumin (sEphB4-HSA), or by codelivery of pDNAs encoding Angiostatin and/or Endostatin. In an optimized administration protocol, melanoma vaccination together with intratumoral delivery of pDNAs encoding Angiostatin and Endostatin resulted in 57% tumor-free survival over 90 days after challenge. These data support the general concept that suppression of angiogenesis may allow for enhanced efficacy of anti-tumor immunity, suggesting the synergetic effects of therapeutic pDNA vaccination and angiogenesis inhibition in cancer therapy.
Introduction
Angiogenesis is essential for the growth, establishment and even metastasis of tumors (1) . Angiogenesis is not present in non-malignant adult tissues except during wound healing or in the corpus luteum and endometrium. In tumor tissue, angiogenesis is however stimulated through the secretion of vascular endothelial cell growth factors (VEGFs) and fibroblast growth factors (FGFs) (2) . The concept of targeting the endothelium as a means of 'starving' the tumor is attractive since unlike the tumor itself, the endothelium is host derived and therefore has a lower mutation rate and lower possibility of drug resistance. Extensive studies by many investigators using angiogenesis inhibitors show suppression of tumor growth in animal models (3) (4) (5) (6) . However, the use of these inhibitors has only produced limited success in the complete regression of established tumors (3) (4) (5) (6) (7) (8) (9) . Thus, improved strategies where angiogenesis inhibitors are combined with alternative treatments to improve efficacy is warranted.
Recent advances in the molecular identification of melanoma-specific antigens have given a significant boost to the study of novel vaccines for melanoma (10) . Plasmid DNA (pDNA) vaccines are well suited to deliver cancer antigens since this modality effectively induces cellular immune responses similar to that induced by live, attenuated viral vaccines. Recently, in vivo electroporation has emerged as a potent method to increase the immunogenicity of pDNA vaccines in larger animal models as well as humans (11) (12) (13) (14) (15) . Electroporation leads to enhanced antigen expression and an adjuvant effect due to local tissue damage and this combination increases immune responses, especially, enabling effective generation of cytotoxic T lymphocytes (CTLs) (16, 17) . In the case of cancer vaccines, the elicited CTLs however require entry into neoplastic tissue to mediate anti-tumor effects (18, 19) . This process is often ineffective in tumors, partially because of vessel wall abnormalities associated with hyper-angiogenesis (2) . Therefore, the combination of cancer vaccine with antiangiogenesis factors may produce synergistic anti-tumor effects in cancer therapy.
Here we investigated the synergetic anti-tumor effects of vaccination with pDNAs encoding gp100, TRP2 and Ii-PADRE combined with systemic inhibition of angiogenesis by an EphrinB2 antagonist comprised of an extracellular domain of EphB4 fused with human serum albumin (sEphB4-HSA), or by delivery of pDNAs encoding Angiostatin and/or Endostatin in a highly aggressive B16F10 mouse melanoma model. All the pDNAs were delivered by in vivo electroporation.
Materials and methods

Construction of plasmids.
Genes encoding human glycoprotein 100 (hgp100), human tyrosinase-related protein 2 (hTRP2), murine gp100 (mgp100), murine TRP2 (mTRP2), murine invariant chain (Ii) with CLIP replaced by pan-DR-epitope (Ii-PADRE) (20) , murine genes Endostatin and Angiostatin were codon-optimized and synthesized by GeneArt (Regensburg, Germany). The genes were sequenced and subcloned into the proprietary clinically acceptable vector, pMB75.6 (Inovio B.C., San Diego, CA). An overview of the constructed plasmids DNA is shown in Fig. 1 . Plasmids were grown in Escherichia coli strain TOP10 (Invitrogen, Carlsbad, CA) and purified using EndoFree plasmid Maxi kit according to the manufacturer's descriptions (Qiagen, Valencia, CA). The purified plasmid DNAs were dissolved in water and stored at -20˚C.
Mice. Female C57BL/6 mice (6-8 weeks old) (H-2 b ) were purchased from Charles River Laboratories (San Diego, CA). All animal experiments were conducted at the Bioquant Inc. (San Diego, CA) in adherence to the standards of Institutional Animal Care and Use Committee (IACUC) for the care and use of laboratory animals. All subcutaneous injections were performed on mice anesthetized with methoxyflurane.
Cell lines. B16F10, a spontaneous murine melanoma cell line of C57BL/6 (H-2 b ) origin, expressing mouse gp100 and TRP2 was obtained from ATCC. Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum, 2 mmol/l L-glutamine, 100 IU/ml penicillin and 100 μg/ml streptomycin at 37˚C in a humidified 5% CO 2 incubator.
EphrinB2 antagonist (sEphB4-HSA).
The soluble form of EphB4 (sEphB4) fusion protein consisting of the extracellular domain of the receptor fused to human serum albumin (sEphB4-HSA) was generated and provided by VasGene Therapeutics, Inc. (Los Angeles, CA) (8, 21, 22) . Mice were injected intraperitoneally (i.p.) with 20 mg/kg sEphB4-HSA diluted in 100 μl PBS three times a week for two weeks starting on day 10 after B16F10 challenge.
Immunization and electroporation. Mice were immunized intramuscularly (i.m.) with 10 μg of each plasmid DNA in 40 μl saline. Empty vector was added to keep the DNA amount equal for immunization in each group. Plasmid injection was followed immediately by i.m. electroporation (125 V/cm, 2 pulses of 60 ms each) using Elgen 1000 with 2 needles/electrodes (Inovio B.C.). For intratumoral (i.t.) electroporation, 10 μg of each plasmid encoding murine Endostatin/Angiostatin or empty vector were injected into tumor at day 10 after B16F10 challenge when the tumor size reached 20-50 mm 3 . Immediately electroporation was conducted using a four-needle electrode array that was inserted into the tissue around the tumor (the injection site). The parameters, 4 pulses of 20 ms length each at 400 V/cm, were applied using Elgen 1000.
Therapeutic study. B16F10 cells (2x10 5 ) were injected into the left flank and grown into a visible tumor after 5 days. Mice were immunized with plasmid DNAs on day 6, 13, 20 and 27. In some experiments, mice were injected i.p. with 100 μl of sEphB4-HSA or PBS 3 times a week for two weeks, starting on day 10 after B16F10 challenge. Tumor volumes were determined 3 times a week using a digital caliper by measuring the longest diameter (a) and shortest width (b) of the tumor. The tumor volume was calculated by formula V (mm 3 ) = 0.5 x ab 2 . For humane reasons, animals were euthanized when the tumor reached >1500 mm 3 .
Statistical analyses. The statistical significance between experimental groups was determined by Student's t-test. The results were considered to be significant when the P-value was <0.05. The Kaplan-Meier test was used to analyze different group survival rates.
Results
Inhibition of angiogenesis by sEphB4-HSA enhances DNA vaccine efficacy against B16 tumor. To elucidate whether the efficacy of cancer DNA vaccines can be enhanced by suppressing tumor angiogenesis, we combined a pDNA vaccine delivered by in vivo electroporation with systemic administration of sEphB4-HSA, a factor that blocks the interaction between EphrinB2 and EphB4 resulting in suppression of angiogenesis in tumor. DNA vaccination was performed in C57BL/6 mice with plasmids encoding hgp100, hTRP2 and Ii-PADRE, which have been shown to induce anti-tumor effects against B16F10 tumor (unpublished data).
In the prophylactic study, we observed that mice vaccinated alone with phgp100, phTRP2 and pIi-PADRE generated a Figure 1 . Schematic diagram of the DNA constructs. The murine gp100 (mgp100), mTRP2, human gp100 (hgp100), hTRP2, murine genes Endostatin and Angiostatin were cloned into the pMB75.6 vector under the CMV promoter control as indicated. For pIi-PADRE, the murine invariant chain molecule with the CLIP region was replaced by PADRE sequence.
significant anti-tumor effect against B16F10 tumor as compared to the mice immunized with empty vector alone ( Fig. 2A) . In confirmation of previous results obtained from other tumor models by Scehnet et al (8) , administration of sEphB4-HSA alone also resulted in significant suppression of B16 tumor growth ( Fig. 2A) . Intriguingly, the treatment combining phgp100, phTRP2 and pIi-PADRE with sEphB4-HSA greatly increased the anti-tumor effects ( Fig. 2A) , suggesting that blocking of angiogenesis may slow down tumor growth thereby enhancing the DNA cancer vaccine efficacy. There was no significant difference in overall survival rates between the vaccinated groups with or without sEphB4-HSA, although a trend towards improved survival for the later group at earlier time points was observed (Fig. 2B) . It is however plausible that continued administration of sEphB4-HSA beyond day 21 could further improve the survival in this group.
Intramuscular co-delivery of plasmids encoding Endostatin
and/or Angiostatin enhances melanoma DNA vaccine efficacy against B16 tumor. To assess whether potentiation of the DNA vaccine efficacy was specific to EphrinB2 antagonism, or if the observed synergy is a general property associated with inhibition of angiogenesis, we further combined the vaccine with the angiogenesis inhibitors, Endostatin and Angiostatin (5,6) in a therapeutic study. Using in vivo electroporation, the mixture of plasmids encoding Endostatin and/or Angiostatin with the melanoma vaccine was co-delivered into gastrocnemius muscle of tumor-bearing mice. Mice vaccinated with the melanoma vaccine (phgp100+phTRP2+pIi-PADRE) displayed a steeper tumor growth curve as previously observed (Fig. 3A vs. 2A) . The growth discrepancy was probably caused by variation of tumor implantation that we have previously observed in our studies. Importantly, the addition of plasmid encoding either Endostatin or Angiostatin enhanced the anti-tumor response of the melanoma vaccine (Fig. 3A) . Furthermore, combination of the melanoma vaccine with plasmids encoding Endostatin and Angiostatin could exert stronger anti-tumor effect and prolonged the survival significantly, suggesting that targeting different angiogenesis pathways simultaneously may provide additional therapeutic benefits in this tumor model (Fig. 3A and B) . A) The immunization scheme shows time points of vaccination and B16F10 tumor challenge as indicated by arrows. sEphB4-HSA or PBS (100 μl) were given intraperitoneally (i.p.) starting at day 10 three times a week for 2 weeks and DNA vaccine (phgp100+phTRP2+Ii-PADRE or empty vector) was injected intramuscularly (i.m.) followed by electroporation. For boosting on day 13 and 27, the plasmids encoding hgp100 and hTRP2 were changed to mgp100 and mTRP2, respectively. Each point represents mean of tumor volume with SEM bars of animals of each group (n=7). Curves of the groups were significant different when P<0.05. (B) Survival analysis of mice in the therapeutic model.
Intratumoral delivery of plasmids encoding Endostatin and
Angiostatin further enhances melanoma DNA vaccine efficacy and increases tumor-free survival. Intramuscular (i.m.) codelivery of plasmids encoding Endostatin and Angiostatin with melanoma vaccine increased the overall survival. However, this combined treatment still failed to cause complete tumor regression and provide long-term tumor-free survival (Fig. 3B) . It might be attributed to limited plasma levels of Endostatin and Angiostatin generated by the i.m. delivery. Intratumoral (i.t.) delivery of plasmid DNA by electroporation may result in higher expression levels in the tumor site (unpublished data). We therefore explored i.t. delivery of both Endostatin and Angiostatin plasmids as a way to provide more efficient inhibition of tumor angiogenesis in another therapeutic study. Mixture of Endostatin and Angiostatin plasmids was i.t. delivered by in vivo electroporation, empty vector was used as control. Meanwhile, melanoma plasmid vaccine was delivered by i.m. electroporation. As shown in Fig. 4A 4A ) and generated 57% tumor-free survival over 90 days after challenge compared to 28% tumor-free survival with melanoma DNA vaccination alone (Fig. 4B) , suggesting that i.t. administration of Endostatin and Angiostatin plasmids could further enhance the melanoma DNA vaccine potency against B16 tumor. It was noteworthy that mice received melanoma DNA vaccination with i.t. delivery of empty vector showed not only significant anti-tumor responses as compared to mice administered empty vector (Fig. 4A ) but also tumor-free survival (Fig. 4B) , although the survival was low it could not be observed in Figs. 2 and 3 , suggesting that i.t. injection of empty vector followed by electroporation might lead to favorable changes in the tumor microenvironment enhancing the effect of antigen-specific CTLs induced by the melanoma vaccine (Fig. 4B) .
Discussion
Here we report that suppression of angiogenesis by three different anti-angiogenesis factors or combinations thereof potentiates the efficacy of a pDNA cancer vaccine expressing the melanoma associated antigens gp100 and TRP2. Following i.t. delivery of anti-angiogenesis genes combined with i.m. pDNA vaccination, we observed regression of established B16F10 tumor (>50 mm 3 ) in our therapeutic study. To our knowledge, this is the first study to show >50% tumor-free survival for over 90 days after challenge.
In our previous studies we have found that immunization with pDNAs encoding gp100, TRP2 and Ii-PADRE could elicit strong cytotoxic T lymphocyte (CTL) response in vitro and suppress B16F10 tumor growth in mouse model (unpublished data). However therapeutic immunization with the pDNA vaccine could not eradicate established tumor completely. One possibility is that the growing B16F10 tumor secretes immunosuppressive cytokines such as VEGF, IL-10 and TGF-ß which prevent the activated CTLs from entering into the tumor (23, 24) . Here we find that the efficacy of vaccination can be substantially enhanced by blocking angiogenesis in tumor. By obstructing angiogenesis in tumors, endothelial cells in the tumor may be reverted to anergy and increase leukocyte infiltration (18) . In addition, reducing blood and nutrient supply will slow down tumor growth and provide more time for the vaccine to stimulate effector cells against the tumor (2) . This may be important especially for immunotherapy against fast growing tumors where the window of opportunity for effective treatment is limited. Other studies have demonstrated that Angiostatin and Endostatin can slow down tumor growth, prevent metastasis and prolong survival (3, 25) . However, anti-angiogenesis factors did not stimulate specific immune response against the tumor and failed to eradicate already establish tumor completely (3, 25) . The data presented here demonstrate that combining anti-angiogenesis factors with a therapeutic cancer vaccine may overcome this limitation and generate potent synergistic anti-tumor effects.
To inhibit tumor angiogenesis, we used the EphrinB2 antagonist (sEphB4-HSA), as well as Endostatin and Angiostatin. The ability of these factors to suppress angiogenesis in tumor have been well established (5, 6, 8) . Each of these angiogenesis inhibitors could enhance the efficacy of the tested melanoma cancer vaccine. sEphB4-HSA was delivered as a purified protein (generated by VasGene Therapeutics Inc). It has been proven not only to function as an EphrinB2 antagonist, but also to inhibit the activity of several growth factors including VEGF and bFGF (8) . Theoretically, genetically encoded sEphB4-HSA may offer advantages with regards to cost and practicality since long-term expression may ablate the need for frequent administration. However, technical constrains precluded us from performing studies using pDNA encoded sEphB4-HSA. We therefore tested the alternative approach of delivering the genes encoding Endostatin and Angiostatin using in vivo electroporation. Our results validated the feasibility and efficacy of this approach, and clearly demonstrated that administering both Endostatin and Angiostatin genes was more effective than delivery of either gene alone (Fig. 3) . The results are in line with those obtained by Scehnet and co-workers (8) who demonstrated that synergistic anti-tumor effects could be reached by combining two different anti-angiogenesis factors, Avastin and sEphB4-HSA. Angiogenesis is an extremely complex process involving multiple pathways and with a great deal of redundancy. Angiostatin inhibits endothelial cells migration and proliferation most likely through its ability to bind cell surface ATP synthase (26) , while Endostatin seems to inhibit endothelial cell functions by binding to ·5ß1 integrins, attenuation of VEGF receptor signaling and inhibition of cyclin D1 (27) . While the tumor may more easily escape the effect of either factor alone by up regulating alternative signaling pathway(s) this is more difficult when targeting two different pathways simultaneously. Further study needs to be done to address the real clinical benefits of therapies applying multiple anti-angiogenesis factors.
Our results indicate that i.t. delivery of angiostatic genes is more effective than i.m. delivery of the same constructs (Figs. 3 and 4) . In previous studies we have found that electroporation-mediated i.t. delivery of IL-12 gene produced up to 20 times higher IL-12 in tumor as compared to i.m. electroporation delivery (unpublished results). Similar results have been observed using other genes including IL-15 and secreted human placental alkaline phosphatase (SEAP) (unpublished results). In the study described in Fig.3 , however, the plasmids encoding Endostatin and Angiostatin were co-delivered with the melanoma DNA vaccine at the same injection site. Cytotoxic T-cell responses elicited by the vaccination could target the antigen-producing muscle cells, resulting in pre-mature elimination of expression of Endostatin and Angiostatin. Further experiments with separate delivery of pDNA vaccine and anti-angiogenesis factors in larger animal models are needed to address issues regarding dosing and utility.
In conclusion, our results demonstrate that combining electroporation-enhanced delivery of pDNA vaccine expressing multiple melanoma antigens with angiostatic treatment can eradicate established B16F10 tumor in mice. These findings warrant further investigation into combination therapies to increase effectiveness of therapeutic vaccines against malignant melanoma and other cancers.
